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Absrract

Crystals c¢f magnesium oxide have been colored by irradiation
with ultraviolet light. x-rays, niph energy electrons and neutrons.
The apectral distribution of optical absorption has the form of a
gradually increasing tail extending from the visible region to the far
ultraviolet upon whirz are suprrimposed several absorption bands.
Phoroconduc tivity in singie cry3izls of magnesium oxide was measured
by a d ¢ method using a vibrating reed slactrometer. The spectral
distribution of photoronductivity is characterizead by a gradually

riaing tail with superimpcaed peaks at 2 1, 3.7, and 4.8 ev, corresponding

to known oprical absorption bands. A photcconductivity band was

found a1 2 ev wiich kas not been detected by optical absorption
mrasuremsnats irradiation of the crystals by ultraviolet light causes
an enhzncement of the photoconductivary subsequently measured in

the 1 2 and 2 | av bands The enhancement effect reaches a
saturation level which 18 indeperrdent of the intensity of the ultraviolat
light and wkich is a messure of the density of imperiections in the
crystal lattice  The ultraviolet activated region can be displaced by
an electric field in such a diracrion as to indicats that the charge
carriers are holes 1n the valence band Bombardment by Van de Graaff
elactrons produces an enhancement of photoconductivity which is
urstable at room temperature Neutron irradiation of the crystals
gives risc 1o a thermally unatadble enhancement of photoconductivity
throughout the spectrum and also causes an increase in the lavel of
saturation of the ultraviolet activation. The latter increase 1s stable
at room temperaturc and indicates that thc neutron irradiation produces
nrw lattice dafects Thia effect saturates with increasing nsutron

flux. An retimate of tar dansity of lattice defects can be made from
tke photocondactivity. Arn eprnergv lsvel model is proposed to explain
the various phatoconductivaty bandn and the enhancement and saturaticn
effects.



I INTRODUCTION

Single crystals of magnesiura oxide may be colored by irradiation
with ultra-dolet light ! . x-raysz, ncutrons and high energy electrons '
Measurements of the spectral dependence of the optical absorption of
the colored crystals have rovealed scveral absorption bands in the
visible and ultraviolet regions superimposed upon a gradually rising
“tail” which extends over the entire spectrum and increases to only
about 20 cm-1 at 200 mp or 6.2 ev, the limit of measurement. There
ie good agreement between the absorption menuuremenﬁs performed by
the writcr and the published results of the other inveltigatorsl -4
Absorption bands cerresponding to those produced by irradiation havs
also been creu.tecl5 by the direct addition of excess magnssium and

.3,

2
oxygen to the crystal lattice. Pre'dous attempts to find photocon-
ductivity associated with this optical absorption have been unsuccessful.
However, Ly the refinement of the techniques and the use of more

sonseitive current detecting apparatus, it has been possible to measure

1. J.H. Hibben, Phys. Rcv. 51, 530 (1937) ,

2. J.P. Molnar and C.D. Hartman, Phys. Rev. 79, 1015 (1950}

3. C.A. Boyd, D. Rich, and E. Avery, Atomic Fnoergy Commission
Report MDDC - 1508 (1947)

. 4. C.M. Nelson and P. Pringsheim, Argonnc National Laboratory
Progress [Raport ANL - 4232 {2nd. quarter 1948}

5. H. VWeber, Zeitschrift fur Pl}ygik Q_D_, 392 {1951)

6. W.W. Tyler and R. L. Sproull, Phys. Rev. 83, 548 {1951)
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ths pectral depc.ndence of photoconductivity inv maguaesium oxide single-
cry: tals.
11 KXDPERNMENTAL APPARATUS

Most of the samples were plates on the order of onc millimetei
thick and one centimcter square which had been cleaved from larger
crystals obiaired frem two sources One group was supplied by the
Norten Cnmpany? and the other sroup was grown at this lal\ofatpris.
Aquadag eiectrodes we:-e,pai.nt?d on opposite faccs of crystals and were
air dried at room temperature The samples were mounted between
spring cligs on Teflon insulatorc in an airtight box containing a dish of
calcium chloride as a drying agent. Desiccation was found to be

essential because of high leakage currents caused by sur {ace moisture.

A quaziz window was provided in the side of the box to permit the o

entrance of the irradiating vuvelengths. In the v.hub'le and near Mra-r
regions, a tungsten {ilament projection lamp served ll\ the light lourco
100 wart, type H-4 mercury arc was used in the near ultraviolet -

and a 1000 watt the H-b6 mercuiy arc was used in t_hc ﬁr ultravi;l,ctr.;. R

Alter passing through a Gaertner qwti monochromator the light was

focused by means oi a system o1 iront surface mirrors outo the edge.of

' Ty

7. The Norton Company, N'ugaxa Falls 5, New York

8. Tbese crystals were grown by Mr. H.F. John



intensity of the light at each wavclength setting. Aaxn electric field was
placed across the crystal by means of an externsal battery. The resulting
photocurrent was determined by passing it through a high resistance

and measuring the potential drop which it produced by means of an
Applied Physics Corporation vibrating reed electrometer. The highest
resistance used was 101z ohms and the electrometer would measure a
potential of 10 "4 volt so that currents as low as 10'16 amperes could be
measured by the constant deflection method.

N EXPERIMENTAL RESULTS

1. Characteristics of Photoconductivity

The ob'erve.d photocurrents were superimposed on a dark current
of the order of 10'15 amperes which could be balanced out by a bucking
\-roluge {n the electrometer. The increase of current produced by
iuuminntic;n was called the photocurrent and it was found to be a linear
function ok the intensity of the light and of the electric fleld strength up
1o 14,000 volts/cm, the limit of measurement. It was also found that
the photocurrent at a given wavelongth and light intensity did not depend
on whkether the light was distributed over the whole edge of the crystal
or focused on only a parrow regior , as long as tia total .power rezeived
by the sample remained uuchanged. When a narrow region in the center
of a crystal was illuminated by ultraviolet light a current was produced

which, after an initial decrease by a factor of about two, was constant



over a period of many hours. The mmechanism whereby coastant d. c.
photocurrants can be produced by the illumination of only part of a
crystal is not yet understcod *. Because of the linear dependence of
photocurrent upon intensity and clectric field strength, the data were
reducead to unite of induced photoconductivity per unit cptical power
striking the crystal. No correction was made for the intensity of light
whiclh was not absorbed by the crystal since in the extreme case the
correction amounted to only a {actor of three at the longest wavolengths
and was less than the estimsated uncertainty in measurement at the
shorter wavelengths. Since the photoconductivity ranged over several
decades, thin correction would add little to the interpretation of the
results

The photoconductivity spectrurn contains scveral bands which are
shown in Fig. |. The maxima of these bands occur at 1.2, 2.1, 3.7, and
4 B ev, the latter three corrosponding closely to optical sbsorption bands

which were found in the previous investigations. Since photoconductivity

* A sories of experiments was carried out to investigate this matter. It
secems certajn that truc d. ¢ currents are being obscrved and that light
scattcred at the crystal sur.aces and within the crystal is not sufficient
to cause the obscrved photocarrenis. No increasc in photocurrent is
observed when the light strikes the clectzodes yet an ocxperiment to be
described later indicates a distancz-of-travel of the charged particles of
only 1077 crn in a field of 1000 volts per em. It is possible that the ever
preseat dark current, although ncually amall, may have some beiring on
thise mechaniam.
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is a more sensitive masasurcement than optical absorption, it is
vnderstandable that the band at i. 2 ev has not been detscted by absorption

atudies.

2. Ultraviolet Irradiation

Freshly cleaned cryctals exhibited a photoconductivity spectrum
similar to curve A of Fig. 2. The gradual risc and the shoulder at 580 my
or 2.1 cv is characteristic of all photoconductivity spectra obaecrv.d for
rac.gnesium oxide. The 530 m: band ouggesty the prosence of an cnergy
lovol situaterd in the forbidrden band eo that a tranaition of 2.1 ev can
produce frce charge carriers, elther in the conduction band or the valence
hand. An oxperiment to be described later has shown that tha chargo
carrviers arising {rom this transition are holeos In the valence band; thus
the assoctat.d cnergy levels are locuted 2.1 ev above tho top of that
band. It is belleved that this photoconductlivity band correspends to the
optical absorption baend which occurs at viry nearly tho samo wavelength
and which causows the characteristic visible coloration of the crystals
after irradintion. Curve B of Fig. 2 representn the level of photoconductivity
jn the same crystal after it had been irradiated for eight hours with
ultraviolet light at 312 mpr. Thie treatment produced an increase by a
factor of nearly a thousand in the photcconductivity at 2.1 ev and reveals

the new band at 1050 my or 1.2 ev. The photocurrcnts in thic region had
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previously been so small that they were beyond the range of the detecting
instruments. The photocurrent at 312 mu, the wavelength of irradiation,
decreased by a factor of two during the first few minutes of the irradiation
after which it remained constant. The enhancement of photoconductivity
in the visible and infra-red regions of the spectrum by irradiation with
ultraviolet light, and the decrease in the photoconductivity at the wave-
length of irradiation correspond closely to the shift in the optical
absorption spectrum which can be produced‘t in r similar manner. This
eifect strongly suggests the transfer of electrons from one type of energy
level to apothar in a manner similar to the process which is believed to
occur in altkali halidclq.

The depandence of the enhancement of photoconductivity upon the
time of irradiation {s ehown 1o Fip 3 he ultraviolet irradiation was
interrupterd for brief intervalu during which the photocurrent produced
by light of 580 m; wae recorded It {8 apparent that the enhancement had
nearly reiached saturation after 16 ninutes and with thie ultraviolet
intensity of 12 4 waits no (urther increane wns obhserved after three hours
of irradiation

It was aleo found that if a « ryetal which previously had been

activated by uvltraviolet light was {rradiated for a long time with yellow

9. N.¥. Mott and R. V. Gurney, Electronic ’rocessca in lonic Crystals,
Second LEdition, p. 129 (Oxford University Press, London, 1948)
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light in the 580 mp band, a2 decay was produced in the photoconductivity
at all wavelengths above 350 rmp. This decay is shown in the right hand
side of Fig.  whe: e the pnotacurrent at 580 mys is plotted ae a function
of the time cf irradiation by 39 ;. watta of light at that wavelength. The
rate of decay was greater with more intense light. In later experiments,
where a very ranid bleaching waus deeired, the light from a 200 watt
prejection lamp was allowed to pass through heat filters and fall directly
onto the crystal. This produced a decrease of photoconductivity by a
factor of a hundred or more in sibout fifteen minutes.

Since the ephancement could be roeroved by irradiation with yellow
light it was possaible to make successive activations with ultraviolet.
Four different trials were made, each with ultraviolet radiation of
different intenesity, the results of which are show in Fig. 4. The
saturation level, that is, the maximum level to which 580 mu photocurrent
could be activated, was the same regardless of the ultraviolet inteneity.
However. the time required to reach saturation was roughly inversely
proportional to the intensity. Thno time required to reach saturation for
the various intensitics were: 6.25 ;1 watte 6 hours; 12 ¢+ watts, 3 hours;
75 p watts, 35 minutes; and 125 ;» watte, less than 30 minutes.

A decay of the artivation cimilar to that produced by ycllow light,

but wmuch slower, occurred at room temporature sven whon the crystal
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remained in the dark. The dotted curve in the center of Fig. 3 indicates
the small decrease which occurred when the sample remained overnight
in the dark. The decay in the dark was accelerated at higher temperatures
and the ultraviolet activation disappeared after thirty minutes at 100° C.
The explanation is that at higher temperatures more charpe carriers can
acquire enough thermal energy to become frce of their shallow traps

and raturn to the deeper lying levels from which they were originally
excited by the ultraviolet radiation. It is not likely that 160° C is high
cnough to cause any appreciable diffunion of lattice defects, hence the
d~rcay of the activation at this temperature must result only from the
tranrport of electrons.

A crystal which had been activated to satursation by ultraviolet
irradistion, was heated to about 1000°C in a vacuum better than 10 -7
millimeters of mercury and cocled slowly to room temperature. After
the samplo had been vacuum annealed {t was found that upon reactivation the
photocurrent at 580 my: saturated at a level which was lower by a factor
of four than the provious «aturation level. The original saturation level
bad beon reproducable after thermal deactivation at low temperatures
(200 C to 100° C) and after deactivation produced by irradiation with yellow
iight but it could not be reproduced after the high termnperature annealing

in vacuum. V'hereas tae decay at low temperature is caused by removing



electrons {rom traps, the lowering of the saturation level is a
completely different effect and must be due to a decrease in the number
of traps which may be occupied by the electrons. Therefore it is
believed that the level of maximum activation is 8 measure of the
density of defects in the magnesium oxide crystal lattice and that the
density of these defects can be changed by annealing the crystal.

This conclusion is coneistent with the observation that the level of
maximum activation is independent of the uitraviolet intensity.

3. Sign of the Charge Carrier

Vihen the photoconductivity was activated by a weli defined
heam of ultraviolet radiation which did not cover the enﬂre
crystal, the enhancement was produced in only the localized
region which intercepred the beam. It is believed that the
mechanism of enhancement is that the ultraviolet photons produce
a tranefer of charge carriers {rom one type of energy level to another.
Durting this transier, the charge carriers pass through an energy vana
in which they are free to move under the application of an electric field
and thereby give rise to the observed photoconductivity. It was found
that by placing a strong electric tield across the crystal during the
irradiation it was possible to cause the charge carriers to drift a

measurable distance in the direction of the electric {ield before



Leconiing trappad. This driftb was manifested by a shift of the re yion

of enhancement out of the irradiated area in a direction determined by
the sign of the charye carricr. A crystal was illuminated by a narrow
beam of light passirg through it perperdicular to the direction of the
applicd electric field. Tke photocurfent was observed for 580 mp

light as the beam of light was moved along the crystal parallel to the
u.rection cf the ficld. Nexr., with the heam set in the center of the
crystal a very narrow region was irradiated for one minute, at 335 my,
corresponding to one of the ultraviolet bands shown in Fig. 1. This
irradintion was sufficient to produce activation but not naturaﬁon.

Then with 58C m. light, the beam was again swept across the crystal
and the photocurrent was recuorded. The results, which are shown in
Fig. 5, were found to depenc upon the electric field in the crystal at

the time of the ultravioiet irraciation. | The experiment was per{ormed
three times, with no field, and with a field of 3800 volts/cm directed

to the right and tacen to the left. ﬁetween trials the previous activation
was removed by heatling the cfystal for acveral hours at 100°C. In each |
casc wheis a field was applied tﬁe activated region was found to have
shifted toward the negative electrode, indicating that the charge carriers
are positive, hence they must be ho!'cs in the valence bgnd.

An explanation of the eshancement of photoconductivity in the 580 m:.

10 -
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band by ultraviotet irradiation is that ultravioslet photons excite valence
band electrons tc uafilled upper levels, in this case to levels 3.7 cv above
the valence band. The holes which arc produced by this transition migrate
until they combine with clectrons [roia the populated levels 2.1 ev above
the valence band. it is thesae vacant levels at 2.1 ev which are now
responsible for the optical absorption and photoconductivity bands at

580 m»:. Thermally or optically excited e¢lectron transaitions to these
vacant lcvela cause a bleaching of the ycllow band and a reversal of

the proceas. Electrons from the upper leveis may now combine with the
holes created in the valence band. This resuits in the return of the
optical absorption and photoconducti-sity at 335 m. to their original values.
After ultraviolet irradistion the cryatal is in 2 thermodynamically unstable
condition, that {5, with many higher levels filled and lowear lying levela
emply. The spontaineous decay of the enhancement js therefore caslly
underistood. Of cour..:, thermal decay occurs during the ultraviolet
irradiation and it might seem that the saturation level of the enhancemaent
would be determincd by a "'rato proccse’ in which the number of vacant
low lying traps would be set by an equilibrium between the rate of thermal
relcase of the holcs and the rate of thelr capture. However, there are
two objectiona to this explamation The first {5 that the level of uaturation

iv independent of the intensity of nltravielet radiation. The second is that

«- 11 -
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if the eguilibrium were determined by a rate process the initial rate of
decay in the dark should be of the same oxrder of magnitude as the initial
rate of increass upon irradiation with ultraviolet. It is apparent {from
Fin. 3 that this is not the casc. It has been mentioned that the photocoaductivity
in the yellow band increasesa by a factor of more than a ‘hundred during
ultraviolet irradiation while the photoconductivity at the wavelength of
firradiation decrcases by only a {actor of two or three. This can be
explaincd by assuming that there must be a much larger number of
upper lcvels than of low-lylng levela. For those reasons it is believed
that the spturatiom 3 not governed by a rate proceas and occurs oaly
when al! tne ilower lying levels have become vacant.

4 Ncutron Irradiaticn, Primary Effecr.

The crystal] discussed in connection with I"ig. 2 wau irracdiated with
neutrcns in the hoavy watcr reactor at the Argonne National lLaboratory.
After a long irradiation the photoconductivity saturated at the level
represcnted by curve C of Fig. 2, indicating that the maximum level of
activation producer! by necutrons was a factor of twenty higher than that
produced by the ultraviolet irradiation. The sample was left in the dark
for aeveml day: during which time the photceonductivity decayed to curva B.
Decange of this rather rapid decay in the \lark it is believed that the

twenty fold cnhancem~:nt produccd by noutron irradiation was largely



clectronir in nature. Thais activatioa to a thermally unstable state is
referred to arbitrarily as the "primary afiect” of neutron irradiation.

A scries of irradiations were made in order to determine the rate
of activation by neutrons. The neutron induced photoconductivity approaches
a saturation and it was found that no further incrcase was produced by an
inteprated flux of more than 5 x 10 '3 peutrons /cmz.

A cryetal grown at the University of (dissocuri was neutron irradiated
until a saturation of the pkotoconductivity occurred. The spectral
distribution of photoconductivity at saturation is shown by Fig. 6, curve A.
This is compared with the spectral distribution of a Norton crystai, curve B,
alsc obtained aiter saturation by neutron irradiation. Althought {he curve
for the Norton crystal is lower, its peaks are rmore accentuated than thoase
fn the upper curve. These dats suggeat that the peaks in the photoconductivity
curves may be due te one kind of lattice defect and the '"background" may be
due to other types. The ratios of the densitjce of defects of the various
types would then be different in crystals obtained from the two scurcss.

The data of Fig. 1 were taken {or a crystal immediatoly after it had

been irradisted by neutrons. The four ULznds were diecuzsed previously.

5. Neutron Irradiation, Secondary Lffect
After the photoconduciivity of the neutron frradiat2d crystal of

Fig. 2 had decaynd from curve ¢ to about th~ level of curve D, the

-13 -
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crystal was irradiated with ultraviolat until saturation occurred. It was
found that a new saturation level, curve D, wss produced which was
higher by a factor of two than the saturation levcl B observed efore
the neutron bombardment. If the ultraviolet enhancement saturates only
after all the low-lying energy levels are emptied, as suggested earlier,
this new saturation level must result from the production of new lattice
defects during the ncutron irradiation. Thus it is believed that the
neutron bombardment produces lattice defects by removing atoms from
their normal lattice sites and placing them elsewhere at interstitial
positions. As a ch~ck on tho reproducibility of this effect, the sample
was irradiated with 580 rmy: light until the photoconductivity had decayed
to curve E. Upon subsequent ultraviolet irradiation saturation occurred
again at level D, indicating tha? tl:;e oew lattice defects produced by the
neutron bommbardments are stable at room temperaiura.

This sample was iater heated for fifteen hours at 100° C and then
irradiated with ultraviolet. The saturation leve! at 580 my. was stil]l the
same as shown by curve D of Fig. 2. After heating the ¢~ mple for
seventy-five minutes at 300° C the ultraviolet saturation was found to
have decreased to the level shown by curve B which represents the condition
of the sample before avutron irradiaticn. The crystal was then irradiatad

by a neutron flux which was larger by a factor of ten than that used

- 14 -



it
previouzly. The integrated neutren {lux in this case was 6.5 x 10"
neutrons/cmz. The photoconductivity of the sample was at first very

high (curve C of Fig. 2 ) but this "primary effcci" could be removed

by irradiation with visible lignt until the sample was in a state near
that represented by curve E. Upon subsequent ultraviolet irradiation
the photoconductlvity measured at 580 m: saturated at the value shown

by curve D, the same as had been obtained aiter the {irst neutron

hombardment.

The resuilts of the baking procedure and the scecond neutron

irradiation verify the reproducibility of the neutron producad saturation

level D and suggest the {ollowing: 1. The level of saturation of tha

snhancement of photoconductivity by ultraviole: irradiation is stable at
room tcmperature and is 2 measure of the density of defects in the

crystal lattice. 2. This level of saturation can be changed by neutron

bombardment in a process which shall be called the “sccondary effect”,
as distinguiched {from the temporary neutron producad enhancement

refarrcd to as the "primary effect”. 3. The secondary affect itaelf

reaches a saturation level which is independent of the {ntensity of the

neutron flux and which can bs reproduced by further borabardment after

the cryatal has baen thermally anncaled. 4. The fact that the ultraviolet

saturation lcvel can be lowered by heat treatment after the neutron



irradiation indicates that the lat® ce defects thus produced can be reimoved
by thermal annealing. This susporte the hypothesis that neutrons
produce lattice defects by knocking atoms {rom their normal sites rather
than by introducing impuritics through transmutation.

The sccondary effect was investiguted further by making a series
of short nctutron irradiations on & sample grown at the University of
Missonuri wbhich initially had & mu.ch iower ultraviolet ;aturation level than the
other crystalis. This crystal war neutron irradiatnd for a dafinite time
and then sxposed to intence radiation in the visible reglon {n order to
remove th> primary cnhancement The crystal was then irradiated with
ultraviolet &t 335 ns: untila saturation occurred in the photoconductivity
at 580 mu. This procedure was repreated with irradiation of increasing
duration and the ronults of the experimant are shown in Fig. 7. The
curves show that most of the secondary enhanct ment is produced by an

13
integrated flux, NV¥T, of 10 neutrone/cm?

and cnly a slight further
increase is produced by an irradiation one thousand times longer. The
saturation of the secomdary effert occurred at the eame leval for the
samjpies of Fig 2 and I'ig. 7 altlough before neutron irradistion the
caturation levels differod by two orders of magnitude

A third cryatal was studied which initially showed an uitraviolet

saturation lcvel the same as the /inal saturation lasveis of thic cther twe

- 16 -
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crystals. Vhen it was irradiated with neutrons no secondary enhancement
was observed, timat is, the ultraviolet satﬁrat_ion level did not change.
Since fwo of these crystals \Ivere obtai;ied'irom' the Norton Company and

' one was grown at the University of Missouri, these results indicate

that the level of saturation o the sccondary cltect is independent of the
origin of the Crystals and independent of the originﬂ denslity of lattice
defects \f/hich were prescnt.

This saturation of the sccondary cifect results from eoubli;h.Lng
an squilibrium density of lattice detects by neutron bombardment. That
such a deniity should be rcached can be understood by assuming that
the encrgy requireé to crcate a vacancy. pi-us m’-'h‘ite.-s:i:ia'!-- ion |
considerably exceeds the:activation en~rgy required to cauase lt.hc_lr
rccdmbimuon. 5ince both proces,ues are Lﬁduccd _by- the bomb;rding
neutrons it is cloa-lr than an equilibr-ium denniiy of va;:lnc_iel might result.

6. Electron Irradiation

Samples which had been irradiated by Van de Graait electrons
showed a purple coloration and a spectral distribution of photoconducuvityr
which were quite similar to those produced by other tybes of irradiatior.

A saturation of the cnhancement wa. reached with an irradiation of less
than 60 p amp-seéonds of 1 M ev elcctrons. Beca;se of an extremely

rapid decay which occurred at room temperature the time delay between
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the end ¢l the irradiation and the razasurement of photocurrent was of
as great sipgnificance as the length of the arradiation; thus the results
obtained were somewhat inconclusive.

During the measurernent of nhotoconductivity in electron irradiated
crystals it ‘was observed that illumination of the crystal gave rise to a
photocurrent even in the ab-ence ol an zpplied potential between the
clectrodes. The directioncfthie —urrent s reversible and depended
upon the position of the beam of light on the crystal. Regardless of
where the beam of light fell on the sample the direction of the curreat
was such that (he net flow of electrons was toward t-ho nearer electrode.
Thua it is believed that for a short timc after tﬁe electron bombardment
the crystals were negatively charged and because of their extremsely
high resistivity they were cipable of retaining this charge. Thise
trapped charge could create I.An internal electric {ieid which upon
illumination would drive electrons from the crystal to the nearest
eiectrode in ‘the absence of an externally applied potential.

7. Low Temperature Studies

Although only a very emall change is observed in the optical
absorption bands of magnesium oxide when its temperature is lowered
to that of liquid air the photoconductivity wase found to decrease by a

factor of more than 105 between 309°K and 90°K. The sharp dependence
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of ghotccenductivity upon temperature suggests that a twe-step process -
may be 1nvolved in which the release of charge carriers depends upon

their acquiring enough thermal energy to be released irom localized

energy levels to which they havé been excited by the photons.

8. Comrressed Pills

. Gold clectrodes were evaporated on the surfaces of several .
pills of compressad magnesium oxide powder having a density approsximately

one-half of the crystal density. The magnesium oxids powder from

which these pillc wire {ormed was the same ao used for the cryaﬁu
grown in this laboratory. Any differences in the observed results for
the singlc crysrals and the comp;'esscd piils must result from ecither
a.difference in physical structurc or to impurities entelrl_::ﬂg_ ,_'t?“_f‘_"i_'_’c_,t!‘e
growth of the crystalsz. Althouzh a photocurrent could Le detecied, it
wa . iound that the dark current present in a compressed pill was about
a2 million times greater than in a single crystal of similar dimoensions

Ilence the spectral dependence of photoconductivity could not be

measured. Al anempts to resiuce the dark current by baking the .am,le.

a1 1002 C and by leaving them ip the desiccated sample box for long
period. of time were unsuccessiul. This suggests that the dark current .

is a surface property and iz much larger in the pills because of the large .
surface arca.



1. Photoconductivity Bands

- ———— e

.deazurements of the spectral distribution of photoconductivity in
magnesium c'dde have revealed bands which zorrcspoad in wavelength
to those which ware found in the optical absorption spectra by other
Investigators The phoicconductivity study has shown that electronic
transitions are peeoible at'1.2, 2.1, 3.7 and 4. § ev.

The additive coloration experimenta of \'.'c:b«:r5 have ildentified
the aboorption banda at 2.1, 3. 7, and 1.0 ev with excess magnesium
and two bands at 4. 3 anl 5 7 ev with excess oxygen  Since it o believed
that neutron bombardment displacee atoms from their normal lattice
sites to intcratitial ponition creating vacancies both exceos magnesium and
excees oxygen abaorption bands might be produced by the neutron
frradiation. The photoconductivity bande which were found after
irradiation ccrroespond to the optical abeorption Lands due to excess
magnesiurn and bands duo to the cxcess nxyjgen were not rletacted. The
4.3 ev oxygen band may have been present but obacured by the two
adjacent 3.7 and 4. 8 ev magnaesium bands. The 3. 6 ev band 'wal not
observed bLecause equipment limitations prevented measurements at that
photon onergy.

2. Enex:_g_y Level llodel

A fairly definite ecnergy levzl model can be reduced from these



transitions and the regults oi the various experiinents. This model i3
shown in Fig. # The width of the fcrbidden baad is not known but it is
certainly .arger than 6.5 ev becausegat$’ 2 2nergy the coefliciant of
optical absorption is still fairly small. Photor encrpgies capable of
inducing wand to band transitions should give rice to absorption
coefficien.s larger by a factor of 103 or 10* than is observed at 6.5 av.

On the baris of x-ray mcasuremcntsm

the forbidden gap may ve as
large as 13 to 15 ev  Llectrons play the major role in electrical
conducticn at high temperatures {1300°K) as indicated Ly thermoelectric

power measuramentn. i It has also been found that tho thermionic worlk

12'. Lt {tes relation

function of magnesium oxids {8 about 2.8 rlectron volta
to tho enrpy level model is uncartain as yet.

An oxperiment was deecribed which abowed that holos are produced
by irradiation at 335 mu and 580 my'. Localized levcls must jie af
several euergles above the valence baad corresponding to the obacrved
photoconductivity bands. For the sake of simplicity only two of these are
shown in I'ig. 8-A, at 2.1 and 3.7 ev above tho vilanze band. Initialiy,

most of tha Ez levals are filled Ly eloactronn in azcord with a Fermi-Dirac

distribution function and many of tha E’l levele are vacant. \'hen tha

— . —— e e e A L h v vm e = % = e — - ———— -

1. Mott and Gurncey, p. 76-78, 101
11. H. F. John, Private Communication

12. J. R Stevenson, O.N. R Quarterly Prograss F ~port, Dept. of
Physics, University oi Missouri (June 15, 1952}
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crystal 1g illuminated by 530 myp light, very few L, levels can accept
electrons excitsd lrom the valence band hcnce the optical absorption and
photoconductivity ave wealk ai that waveleagth. However, where there is
a vacant EZ level an electron can be cxcited to it (quantum Y in Fig. 8-B)
producing a bole in e valence band. Thic hole then drifts with the
clectric field until 2t captures an electron from one of the {illed levels

In the forbidden band, thus accounting for the weak photoconductivity
initially prescent. Since therc are many unislled levels at E! the optical
abusorption coeificicat is high for photon encrgies capable of producing
this transition.

The process of enhancement ol photoconductivity in the yellow region
by irradiation with ultraviolet light can bc explained by this model.
Ultraviolet photons,quanta UV in IFig. 8-B, oxcite clectrone to levels at
F.| . creating holes in the valence band.  Theue holes then drift until
they combine with electrons from lcvelo at E;. There arc now many empty
E, levels 8o that uj:on vubiiequent frradiation with yellow light the probability
of electron trancitions to those levelu is larger than before and the crystal
will cxhibit both a greater optical absorption and photoconductivity at that
enerpgy. The activation proceus continues until all of the E; levels are
empty and a saturation of the enhancement occurs. Of course, holes

drifting tarcugh the valence band may capturc electrons {rom other energy

- 22



lnvels but ouly the captvre {rorn the 2 1 ev level nced be considered
to explain the e¢nhiaacement at 5806 m,-.

The band &t 1053 r or 1 2 €v is also enhanced Ly irradiation at
335 v, The .2 and 2.1 ¢v bands increasce simultaneously upon
ultraviolet irradiation and bath  bandus reach a2 sa.urstion at about the
same tirae dnce both bande are activated by the same wavelennth the
charge carriers aseccia‘ed with the | 2 ev levels rmust be holes in the
valence bhand a9 they are {or ‘e 2.1 ev levels Thesce bands can also be
activatcd Ly irradiation with ultraviolet at wavclengths other than 335 m:. .
The samue process explains the ephancement produced Ly the other
wavclengths and the apparent equivalence of these various wavelengths
guggeety that all photoconduction in magnesjum oxide is by means of
holcs in the velence baad

V.hen a crywstnl] in activated electirons are tra wsferred irorza the l;a
levels via the valence band to the levels at i-:l The probability vl a
transition {rorn the valencce band to an P.'l level is thereforc diminjshed.
accounting ior the . crease with time in the photocurrent ;1. duced by the
irradiating wavelength  Vhe fact that thie decrease 15 only a jactor of
two corupared to the ranch larger incrcase of the E, photoconductivity

Land iv explained by & -suming that there are many more levels at El

than at [:2 .
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In the state of activation produced by ultraviolet irradiation the
distribution of elactrons arnong tha energy levels is pot thermally stable
because there are many more electrons at the higher energy, El' than there
are at E;. Dccay to the original state takes place by a mechanism in which
an clectron in the valence band i3 thermally excited %o the E; level.

This crecates r hole in the valence band which difts until it captures an
electron from & filled E.l level. The net eifoct is the transfer of electrons
from the E, levels to tho £, levels by "passing through” the valence band.
Since tho E; levale in this casc are 2.1 ev above the valence band, there fe
small probability that elsctrona will acquire cnough thermal energy to

rmake the trannition, thus the decay occure elowly at rosom temperaturoe.
Howeover, if pliotons of this energy irradiate the crystal the rate of

transfer of elccirane to the E, levels is incrcased and the photacoaductivity
at that wavolength decayn much more rapidly.

3. Range

In the experiment detormining the aign of the charge carrier. the
cryoetal is irradiated in a very narrow region by ultraviolet light. This
producec charge carriers which /Ari{t, on the averags, a small distance
down tho potential pradient before belng trapped. A very rough idea of the
range can be obtained by noting thia distance of drift. With an electric

ficld of 2.8 x 103 volts/cm the displacement of the region of activation
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-3
can be estimatad irom Fig. 5 to he about 5 x 160 cm. Most of the
photoconductivity experiments were performed with a field of 1 2oV /o
-3
in which case the raage would be on the urder of 10  cm.

4. (Cuantum Lfficiency

e —

If a charfge carriers are created and trapped in the times t, each
moving a distauce x before being trap ped, the photoconductivity current
indicated by an external detector is,

i s nex

tL (1
1f radiation of frequency vy falls on the crystal for %3 time t, the
number oi photons abaorbed is,

N -t
by (e

whoere I' fu the optical power absorbed in the crystal. Solving eguation

{1) for n and writing the iraction n/N one obtains the quantum efficiency,

n_- Liby

N rel? (3
indcpendent of any assumption of the lifetime. Substitution of values
-7
for a typical siraple sho.s that n/N increascs from 10 elcctrons/photon

4 clcetrons per photon at 255 m; . These efficlencies

at 1050 m; to i)~
arc small but ere not unreasonable considering the extremely low

conductivity of magnceium oxdde. For comparison, the quantum efficlency
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for photoemiscion from barium mcidc:13 is only about 10"6 electrons
per photon at 690 m: . _ ]

5. Density g_f the Coalor Centers

Using the value 10 - electrons/photon {or the quantum eificiency
at the wa-clepgth o the ultraviolet irradiation and knowing the time
rcquired to saturate the photoconductivity at 580 m:, one can calculate
the number of eiectrons required to till all of the 2.1 ev levels. The
number of electrons released during the time, T, requirod to produce

tide saturation is,
3 =f B I:Z = ;Y {4
’1 N) by

wbcre/o is the density o centers and V is the volume of tho crystal
irradiated. From thiv calculation one {inds there are about

2 x IOM ccntcr."/cms. This calculatiom wav carricd out for the crystal
of Fig. 2 followinp neutron irradiation and reprecents the saturation

leve) of 2.1 ev centery, £, of Fig. 8. Since the 1. 2 ev Land saturated

2
in ahout the svarae time auv the 2.1 ev band, approximoetely the name
dAcnsity of centers must he associaterd with that energy.

In tcrmas of other phyeical quantities, the range poer unit field wirength,

sC L (5

F o

where | is the mean {ree path for ccllisione with the lattico and(g is

13. 1.L. Sparke, Thesis, University of Missouri, 1951
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